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Graphical Abstract. This paper reports a first full-scale (180 m3/day) evaluation of the AEI process and its 
integration with intermittent sand filter to treat highway rest area sewage 
 
 
 
 
 
 
 
 
 
 
 
 
 
Highlights: 
 The feasibility of AEI regime was confirmed by integrated with intermittent sand filter 
 70-99% of influent phosphate was removed in the AEI zone 
 The presence of glucose can promote the AEI-inducing BPR efficiency 
 The efficiencies of contaminant removal were stable and excellent (total nitrogen > 86%) in 
the integrated system 
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Abstract: Biological phosphorus removal (BPR) has been demonstrated to be successfully achieved in 
the aerobic/extended-idle (AEI) wastewater treatment regime in previous bench-scale studies. To date, 
however, its feasibility has never been evaluated by any full-scale investigation. Here we report a first 
full-scale (180 m3/day) evaluation of the AEI process and its integration with intermittent sand filter to 
treat highway rest area sewage that is often neglected but actually brings significant impacts on 
receiving water bodies in China. The results showed that 70-99% of influent phosphate was removed in 
the AEI zone, although the sewage contained 23-37% of carbohydrate that is usually considered to be 
detrimental for BPR. Batch experimental investigation revealed that the presence of glucose (model 
compound of carbohydrate) promoted the AEI-inducing BPR efficiency, as opposed to deteriorating the 
conventional anaerobic/oxic regime-inducing BPR performance. Although the performance of AEI zone 
was affected by seasonal variation, the efficiencies of contaminant removal were stable and excellent 
(total nitrogen > 86%, others > 92%) in the integrated system. This study offers an attractive option for 
BPR from carbohydrate-rich wastewaters and also provides a prototype for wastewater treatment in 
remote areas. 
Keywords: Biological phosphorus removal; Real wastewater; Aerobic Processes; Bioreactors; 
Biosynthesis; Waste-Water Treatment 
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Introduction 
Phosphorus (P) and nitrogen removal from wastewaters is one efficient method to protect 
freshwater environments from eutrophication. During the past few decades, numerous studies have 
already been performed on this topic [1-3]. However, most of these investigations to date have focused 
on centralised wastewaters due to their massive quantities daily treated [4-6]. Apart from centralised 
wastewaters, decentralised wastewaters, especially highway rest area sewages, are also significant but 
often overlooked. With the development of economy and increase of population mobility, highway 
mileage increases year by year. The total amount of sewages discharged from highway rest areas has 
achieved at huge levels. For example, it was reported that more than 80 million persons were averagely 
transported per day via highway during the 31-day transportation for the Spring Festival in China in 
2014. This indicated that wastewater treatment systems located in highway rest areas serviced more 
than 6% of Chinese population during this period. If highway rest area wastewater is treated 
inappropriately, these decentralised wastewater treatment units will become a giant network pollutant 
source to vulnerable water bodies. 
In general, wastewater treatment technologies established for centralised wastewaters (e.g., 
anaerobic/anoxic/oxic (A2/O) process) are directly miniatured for the treatment of highway rest area 
sewage [7]. From the technical perspective, these technologies have abilities of reducing contaminants 
to low levels, but problems always exist in these on-site treatment systems. According to our 3-year 
survey on 22 wastewater treatment units located in highway rest areas of Central China, 8 of them are 
often disturbed, and 12 of them are completely failed (Figure S1, Supporting Information (SI), presents 
some failure examples). The ecological consequence of failures of these on-site treatment plants should 
be enlarged due to the facts that the effluent of these treatment systems is discharged directly to the 
vicinity environment (Figure S2, SI), and pollution at such locations will remain unnoticed for a long 
period once it happens (Figure S3, SI). Therefore, it is necessary to develop some tailored technologies 
for the treatment of highway rest area sewage. 
Several methods, such as membrane bio-reactor [8,9], stabilization pond [10], and soil based 
treatment system [11,12], were employed to treat decentralised wastewaters in past years. Of these, soil 
based treatment technology seems to be a promising option, because it is not only simply-controlled but 
cost-effective. However, clogging is often observed (Figure S4, SI). To avoid clogging, all these soil 
treatment systems are designed with low hydraulic (or organic) loading rates and consequently require 
large construction area and cost [13]. More importantly, except for the metabolic uptakes of plants and 
microbes, the main mechanism for P removal is adsorption and precipitation by filter media, which is 
widely considered as unsustainable [14]. Thus, some simple pre-treatment units with sustainable P 
removal are urgently required. 
Our recent laboratory studies demonstrated that excellent biological phosphorus removal (BPR) 
would be achieved in a traditional activated sludge process without specific anaerobic zone if the idle 
phase was extended suitably (e.g., 210 min) [15-17]. Aeration is immediately started in this novel P 
removal regime when wastewaters are influent into the system. After aerobic, settling, and decanting 
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phases, an extended-idle phase is finally followed. Thus this novel process is defined as the 
aerobic/extended-idle (AEI) regime [17]. Compared with the conventional aerobic activated sludge 
process which do not have the capability of BPR, the AEI regime extends its idle time. This difference 
can induce some specific metabolic reactions (e.g., a significant idle phosphate release) occurring in this 
new regime, which help it to establish the BPR ability [18]. Although the putative polyphosphate 
accumulating organisms (PAO), Accumulibacter, is still the main contributor in this new regime, the 
inducing mechanism of P removal between the AEI regime and the conventional anaerobic/oxic (A/O) 
regime is completely different [18,19]. Unlike the conventional one, an abundance of P release 
accompanied with a low polyhydroxyalkanoates (PHA) synthesis in the idle phase of AEI regime has 
been demonstrated to provide a selective advantage to PAO over other populations [18]. This finding 
may have application in new technologies for wastewater treatment. To date, however, all of these 
studies have been conducted in laboratories, and its feasibility has never been confirmed by any 
full-scale investigation. Furthermore, the AEI regime does not require any stirring and sewage backflow, 
but most of contaminations (especially P) are found to be biologically removed to low levels. It seems 
that the AEI regime may serve as a suitable pretreatment unit for the soil based systems, and the 
integration system of AEI-soil based treatment may be a promisingly attractive option for decentralised 
wastewater treatment in remote areas. However, it is also unknown whether this integration system 
works in a real decentralised wastewater treatment situation. 
The purpose of this study was to evaluate the feasibility of BPR driven by the AEI regime in a 
full-scale system, and the application of AEI integrating with intermittent sand filter (ISF), which is a 
typical soil treatment system [13], to treat sewage discharged from a highway rest area. Firstly, P 
removal performance of AEI regime in a full-scale activated sludge reactor was examined from the 
aspects of both chemical and microbial analyses. Then, the integrated system of AEI-ISF as an effective 
technology to treat sewage from the highway rest area was tested for over three years. Finally, the 
perspective of AEI regime was discussed, and the techno-economic analysis of this integrated system 
was also performed. 
Materials and Methods 
Wastewater. Experiments were carried out in a highway rest area, which is located in Hunan Province, 
China. The average amount of sewage is about 180 m3/d, and the characteristics of discharged 
wastewater are as follows: total chemical oxygen demand (COD) 142-674 mg/L, soluble COD 109-562 
mg/L, total suspended solid (TSS) 123-387 mg/L, total phosphorus (TP) 5.4-11.7 mg/L, NH4
+-N 
18.4-46.2 mg/L, total nitrogen (TN) 26.8-63.5 mg/L, pH 6.8-7.4. The top two types of organic 
compound in this wastewater are volatile fatty acids and carbohydrate, which account for 35-53% and 
23-37% of soluble COD, respectively. 
Full-scale AEI-ISF system. The whole full-scale system consisted of a collecting tank, an AEI reactor, 
an ISF, a sludge drying bed, and a programmable logic controller. Figure 1 presents the flowchart of this 
full-scale system (the field photograph is presented in Figure S5, SI), and the scale of each part is 
detailed in Table S1 (SI). Wastewater is first influent into the collecting tank, and then the collected 
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wastewater is intermittently pumped to the AEI reactor for biological treatment. After that, the effluent 
of AEI reactor is further treated by ISF system before it is finally discharged. The surplus activated 
sludge generated in the AEI reactor is dewatered by two sludge drying beds before final transport and 
disposal. 
The AEI reactor was operated with three cycles daily according to previous publications with 
minor revisions [16,17]. Each 8 h cycle consisted of a 1 h feeding period, a 2.5 h aerobic period, a 1 h 
settling period, and 2 h decanting and 1.5 h idle periods. During the feeding and aerobic periods, air was 
supplied into the reactor at a flowrate of 600 m3/h via two aerators. Thus, the actual aeration time for 
the AEI reactor was 3.5 h per cycle. During 2 h decanting period, 60 m3 of supernatant was discharged 
into the ISF and replaced with 60 m3 of wastewater in subsequent 1 h feeding period. The hydraulic 
retention time in the reactor was 10.7 h, while the sludge retention time was maintained at 
approximately 13 d by wasting 3.5 m3 of settled sludge once every three days at the end of decanting 
period. The dewatered sludge, taken from a wastewater treatment plant (WWTP) in Changsha, China, 
was used as the seed sludge. It should be noted that although only 1.5 h of idle period was operated, the 
actual “idle rest” time for activated sludge was 4.5 h per cycle (1 h settling + 2 h decanting + 1.5 h idle), 
which was similar to the AEI regime reported previously. 
The ISF consisted of three layers, which was respectively called as peat-sand layer (0.4 m 
thickness, 40% of peat soil and 60% of 0-2 mm sand by volume), sand layer (0.6 m thickness, grain size 
0-2 mm), and gravel layer (0.3 m thickness, grain size 5-30mm) from the top down.  After assembling 
all the three filter layers, about 350 reed plants (Phragmites australis) were planted into the surface of 
ISF (i.e., the peat-sand layer). The ISF was intermittently fed with the effluent of AEI reactor (2 h of 
feeding and 6 h of resting) via distribution pipes, as mentioned above. When the AEI reactor was in the 
decanting period, the ISF was in the feeding period. In other periods of the AEI reactor, the ISF was in 
the resting period. The hydraulic loading rate of ISF was 1.5 m/d.  
Effect of Carbohydrate Level in Wastewater on Biological Phosphorus Removal. Generally, the 
main carbon source in municipal wastewater is acetate, and carbohydrate is at low levels due to the 
fermentation occurred in the sewer. As seen in the “Wastewater” section, however, carbohydrate 
fraction in the wastewater accounted for 23-37% of soluble COD. Carbohydrate is often considered as a 
detrimental substance for BPR driven by the conventional A/O regime [20,21]. However, it remains 
largely unknown whether carbohydrate brings similar effect on PAO cultured by the AEI regime. The 
following bench-scale experiment aims to provide such support. Twelve identical reactors with a 
working volume of 6 L each were equally divided into two groups. One group (group-I) was used to 
investigate the effect of different acetate (the main carbon source in domestic wastewater)/glucose 
(model carbohydrate) ratios on the AEI-inducing phosphorus removal. For comparison, the other group 
(group-II) was performed to evaluate the A/O-inducing phosphorus removal under different 
acetate/glucose ratios. 
    Each cycle of AEI-regime reactors (i.e., group-I) consisted of a 210 min aerobic period, a 55 min 
settling period, a 5 min decanting period, and a 210 min idle period [16,17], while one cycle of 
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A/O-regime reactors (i.e., group-II) consisted of a 120 min anaerobic period and a 180 min aerobic 
period, followed by 55 min settling, 5 min decanting and 120 min idle periods according to the 
literature [22]. To minimize the impact of temperature, all the reactors were maintained at 20 ± 1 ºC in a 
temperature controlled room. Seed sludge was inoculated into all these reactors concurrently. The seed 
sludge was collected from the secondary tank of Guozhen Sewage Treatment Plant (Changsha, 
China), in which anaerobic/anoxic/oxic process was operated. Thus, the microbial community 
is abundant and PAO is successfully enriched. The initial concentration of TSS and volatile 
suspended solid (VSS) in these reactors was about 4000 and 3200 mg L-1, respectively. Six reactors 
of each group received synthetic media with same P concentration (10 mg/L) and COD concentration 
(300 mg/L). However, COD compositions of synthetic media fed to these six reactors were different 
and prepared by 100% acetate, 80% acetate + 20% glucose, 60% acetate + 40% glucose, 40% acetate + 
60% glucose, 20% acetate + 80% glucose, and 100% glucose, respectively. The concentrations of other 
nutrients in all synthetic media were the same and displayed as below (per liter): 0.1 g NH4Cl, 0.01 g 
MgSO4·7H2O, 0.005 g CaCl2, and 0.5mL of trace element solution. The composition of trace element 
solution was detailed in our publication [15]. During the anaerobic phase, all the A/O-regime reactors 
were mixed with magnetic mixers (150 rpm), while air was supplied into all the A/O- and AEI-reactors 
at a flow rate of 2 L/min during the aerobic phase. After settling period, 4 L of supernatant was 
discharged from all the reactors and replaced with 4 L respective medium in the initial 5 min of aerobic 
period (the AEI-regime reactors) and anaerobic period (the A/O-regime reactors). The hydraulic and 
sludge retention times of all the reactors were maintained at 12 h and 13 d, respectively. After about 50 
d, all the reactors reached stable operation, and then the comparison was made.    
Comparison of Phosphorus Removal Performance between the AEI- and A/O-Regimes Treating 
the Real Carbohydrate-rich Wastewater. This long-term bench-scale test was conducted in two 
reactors with a working volume of 6 L each. One reactor was operated with the AEI regime, while the 
other was operated with the A/O regime. The operation methods were the same as depicted in the 
section “Effect of Carbohydrate Level in Wastewater on Biological Phosphorus Removal” except that 
the real wastewater collected in this highway rest area was used to replace synthetic media. It took 
about 65 d before these two reactors achieved steady-state operation, then cycle studies were made and 
the data were reported. 
Analytical Methods. The analyses of COD, NH4
+-N, NO3
−-N, NO2
−-N, TN, TP, TSS, and VSS were 
performed in accordance with standard methods [23]. The determinations of sludge glycogen, sludge TP 
content, poly-3-hydroxybutyrate (PHB), poly-3-hydroxyvalerate (PHV), and 
poly-3-hydroxy-2-methylvalerate (PH2MV) were the same as described in our previous publication 
[24]. The total PHA was calculated as the sum of measured PHB, PHV, and PH2MV. Total organic 
carbon (TOC) was determined using a TOC analyzer (ShimadzuTOC-500, Japan). Intracellular 
polyphosphate granules were visualized by fluorescent dye 4′,6-diamidino-2-phenylindole (DAPI) 
staining, while the abundances of PAO and glycogen accumulating organisms (GAO) were measured by 
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fluorescence in situ hybridization (FISH) analysis. The detailed methods have been documented in our 
recent publication [18]. The oligonucleotide probes specific for PAO, GAO, and total bacteria, which 
were respectively labeled with 5′AMCA, 5′Cy3, and 5′FITC, were detailed in Table S2 (SI). 
Results 
Phosphorus Removal Performance in the AEI Reactor. The construction of whole wastewater 
treatment system finished on 17 January, 2010, and the operation of full-scale AEI reactor started from 
26 March, 2010. Figure 2a shows the changes of influent and effluent TP concentrations in the AEI 
reactor from 12 April, 2010 to 29 June, 2011. Although influent TP concentration fluctuated largely 
from 5.4 to 11.7 mg/L, effluent TP of AEI reactor maintained at low levels (0.1-3.2 mg/L), which 
indicated that 70-99% of influent TP could be removed after about a two-week period of domestication. 
To express phosphorus removal performance more accurately, P removal was transformed as mg P 
removed per g of VSS, and the results are displayed in Figure 2b. On a unit biomass basis, a high level 
of phosphorus removal was also detected, which supported the data presented in Figure 2a strongly. It 
can be seen that 2.0 ± 0.5 - 4.5 ± 0.7 mg P was removed per g of VSS during this period, and the 
effluent TP concentration was lower than 2 mg/L (Figure 2a). Additionally, TP content in activated 
sludge was also used to assess the P removal performance. During the course of trial, this value varied 
at 36 ± 6 - 59 ± 3 mg TP per g of TSS (Figure 2b). Usually, only 10-20 mg TP per g of TSS can be 
measured in activated sludge without enhanced biological phosphorus removal [25]. All these chemical 
analyses demonstrated that the full-scale of AEI reactor had a good P removal. 
Verification of good P removal performance in the AEI reactor was further provided from the 
aspects of microbial analysis. Figure 3a displays the result of DAPI staining of activated sludge sample 
taken from the AEI reactor on 20th April, 2011. DAPI can be employed to identify intracellular 
polyphosphate granules, though it can bind to both DNA and polyphosphate. It is reported that 
DNA-bound DAPI appears pale, whereas polyphosphate-bound DAPI appears strongly bright white 
[26]. It was found that 32 ± 5% of activated sludge biomass withdrawn from the AEI reactor stained 
positive. Moreover, FISH analysis exhibited that the abundance of PAO accounted for 27 ± 7% of total 
bacteria in this biomass (Figure 3b), which was comparable to the results documented in the reference. 
For example, it was reported that PAO in the AEI regime-based reactors accounted for 15.8% and 
39.6%, respectively, using methanol and ethanol as the sole carbon source [19]. When acetate was used, 
Wang et al. detected that the biomass contained 38% of PAO in the AEI-reactor and 32% of PAO in the 
A/O-reactor [16]. These microbial results were in accord with the measured data presented in Figure 2. 
It should be noted that the sewage discharged from this highway rest area contained 23-37% of 
carbohydrate, as mentioned in “Materials and methods” section, which is generally considered as a 
harmful carbon source for BPR induced by the conventional A/O regime [20,21]. Nevertheless, all 
above results clearly showed that the AEI regime could achieve a good BPR even under such a 
full-scale reactor. The effect of different levels of carbohydrate on BPR induced by both the AEI and 
A/O regimes would be assessed in “Discussion” section. 
The Performance of AEI-ISF System. Many wastewater treatment methods can be well operated 
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under laboratory conditions. However, some of them often fail in real-world applications probably due 
to seasonal variation. Seasonal variation gives rise to the changes of temperature, moisture, and amount 
and composition of discharged wastewater. All these factors can affect biomass activity and microbial 
composition, which further affect the performances of WWTPs. For example, wastewater amount 
(pollutant level) is usually higher (lower) in summer than that in winter due to the increase of 
temperature. Owing to the same reason, the activity of biomass is also higher but the abundance of PAO 
is generally lower in summer, as compared with those in winter. Therefore, it is necessary to evaluate 
whether the AEI reactor and AEI-ISF combined system can bear seasonal variation. To figure out this 
question, we conducted a 3-year period of assessment. Table 1 outlines the summarized results, and the 
original data are detailed in Table S3 (SI). 
It can be seen that influent contaminants varied with seasonal variation. The lowest level was 
detected in summer, while the highest concentration was measured in winter. The seasonal change was 
found to affect the performance of AEI reactor to some extents. With the shift of season effluent COD, 
TSS, TP, and TN in the AEI reactor varied in the range of 48 ± 13 - 95 ± 24, 29 ± 9 - 50 ± 14, 0.5 ± 0.2 
- 1.1 ± 0.4, and 13.7 ± 2.0 - 22.4 ± 3.3 mg/L, respectively. As a result, their respective removal 
efficiencies ranged between 80% and 84%, 84% and 85%, 85% and 94%, and 60% and 68%. Although 
there was no specific anoxic phase carried out in the AEI reactor, more than 60% of TN removal 
efficiency was still achieved, which suggested that besides bacterial growth denitrification also 
happened in this reactor. Since air was constantly supplied into the AEI reactor, DO concentration 
maintained at low levels (below 2 mg/L) during the feast period such as the feeding and initial 1 h of 
aerobic periods (Figure S6, SI). A number of publications have reported that denitrification especially 
nitrifier denitrification can readily occur at low DO levels [27-29]. In addition, the AEI reactor was 
aerated by two aerators, which might cause DO gradient in some areas. As a result, heterotrophic 
denitrification might also occur in this reactor. 
It should be emphasized that 85 ± 4% of TP in the influent could be removed in the AEI reactor 
even in summer with the average daytime temperature usually above 30 ºC in this area. Several studies 
verified that temperature was an important factor affecting the PAO-GAO competition, and low 
temperatures rather than high temperatures benefited PAO proliferation [30,31]. Moreover, it was 
reported that with the increase in temperature from 20 to 35 ºC the fraction of PAO decreased whereas 
the abundance of GAO increased [31]. The results showed that the AEI regime could tolerate seasonal 
variation. 
Also from Table 1, it can be found that all pollutant concentrations were at low levels when the 
effluent of AEI reactor was further treated by the ISF system. 18 ± 8 - 35 ± 9 mg/L COD and 13 ± 5 - 
18 ± 7 mg/L TSS were respectively measured in the effluent, and more than 90% of COD and TSS in 
influent were removed by the AEI-ISF system. It is known that when percolating through the sand filter, 
particulate matter will be removed by surface filtration, while dissolved organic matter will be degraded 
by the fixed microbes developed within the sand filter [32]. After the ISF treatment, TP and TN 
concentrations decreased from 0.5 ± 0.2 - 1.1 ± 0.4 and 13.7 ± 2.0 - 22.4 ± 3.3 mg/L to 0.2 ± 0.1 - 0.3 ± 
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0.1 and 4.9 ± 0.9 - 8.0 ± 0.5 mg/L, respectively. It was reported that P could be removed by adsorption 
and precipitation by filter media as well as assimilation by plants and microorganisms. Nitrification 
could take place in the surface layer of filter while deep layer of filter could provide appropriate 
environments for denitrification [12,14,32]. It should be highlighted that the AEI-ISF system not only 
achieved excellent performance of pollutant removal but also maintained stable operation. The removal 
efficiencies of COD, TSS, TP, and TN were almost the same no matter what samples of season were 
determined. All these facts showed that although the performance of AEI reactor was affected by 
seasonal variation, the performance of combined AEI-ISF system was excellent and stable. 
To gain more information in terms of the combined AEI-ISF system, the cyclic profile of AEI 
reactor and the pollutant variation in different depths of ISF system were measured, and the results are 
respectively shown in Figure S6 and S7 (SI). In the AEI reactor, DO decreased quickly from 5.76 to 
0.62 mg/L in the initial 30 min of feeding time and maintained at a low level (below 1 mg/L) in the 
remaining 30 min of feeding and the following 30 min of aerobic period. Then, it increased gradually to 
a final concentration of 5.58 mg/L at the end of aerobic phase. The decrease of ammonium 
concentration accompanied with the increase of nitrate concentration was observed in the aerobic period.  
The change of TN concentration, however, displayed a gradual downtrend in the whole aerobic period, 
which proved again that aerobic denitrification occurred in the AEI reactor. COD reduction, PHA 
accumulation, and slight glycogen synthesis were also detected in the aerobic phase. Nevertheless, TP 
content always decreased in the aerobic phase no matter whether PHA was in the step of accumulation 
or degradation. This behavior revealed that apart from PHA, other energy substances could also provide 
energy for PAO to take up P, which was different from the recognition obtained from the conventional 
A/O regime. 
With the increase of ISF depth the remnant COD, TSS, TN, and TP decreased gradually (Figure S7, 
SI).  The main reduction of nitrate and TN was observed at 40-100 cm depth (i.e., sand layer), which 
suggested that denitrification primarily occurred in this layer. The removal of TP, however, mainly took 
place in the top peat-sand layer (0-40 cm). From the “Materials and methods” section, it can be seen 
that reed plants were planted into the surface of peat-sand layer. Due to the fact that the supernatant of 
AEI reactor (i.e., the influent of ISF system) contained low P levels, it seems that most of the absorbed 
and/or precipitated P by the top filter media is assimilated by reeds, which will be further taken out of 
the system by harvesting reeds once a year. 
According to above analysis, it was clear that TP in wastewater was predominantly removed in the 
AEI reactor by intracellular polyphosphate accumulation, and then most of the remnant P in the effluent 
of AEI reactor was assimilated by reeds after its absorption and/or precipitation by filter media. Unlike 
other sole soil-based treatment systems, both processes for P removal in this study are sustainable. It 
can be therefore understood that P removal in the AEI-ISF system can always maintain at high levels 
under such a long time operation (> 3 years). 
Discussion 
The AEI Regime as a Potential Technology for P Removal from Carbohydrate-rich Wastewaters. 
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This field study allowed us to confirm our previous bench-scale findings that PAO can be enriched and 
therefore BPR can be achieved in the AEI regime. This was experimentally verified by both chemical 
and microbial analyses.  Although we have performed several laboratory investigations to explore the 
microbial composition, inducing mechanism, and some key factors of AEI regime [16-19,33], this is the 
first study revealing that the AEI regime enriching PAO grown on defined media in laboratories can be 
repeated under full-scale field conditions. It is a big step forward for this new BPR regime, because a 
full-scale trial can overcome many limitations of bench-scale studies and provide a further assessment 
of economic perspective. 
One notable point that should be discussed here is the presence of carbohydrate in the wastewater 
treated in this study. A large number of publications have demonstrated that the presence of glucose 
(model compound of carbohydrate) in wastewater readily stimulated the proliferation of GAO in the 
A/O regime, which thereby caused deterioration or even failure in BPR [20,21,34]. Apparently, the 
results obtained in this study were inconsistent with those reported previously, it was therefore 
necessary to ascertain whether the two different P removal regimes could cause different responses to 
the presence of carbohydrate. 
As outlined in Table 2, it can be seen that with the increase of influent glucose ratio both the 
PHA-up/TOC and anaerobic P release decreased in the A/O reactors, which resulted in the increase of 
aerobic end P concentration. Meanwhile, PAO abundance also decreased whereas the amount of GAO 
increased. These results were in accord with previous observations observed by other researchers [20]. 
The data determined in the AEI reactors, however, exhibited an opposite behavior. Although the 
PHA-up/TOC ratio also decreased when influent acetate was partially or totally replaced by glucose, 
aerobic end P showed not an increase but a decrease tendency. Compared with 100% acetate fed reactor, 
all reactors with glucose addition contained slightly higher PAO abundance, which was in agreement 
with the aerobic end P data. Even in the 100% glucose reactor where negligible PHA was accumulated 
in the aerobic phase, 53 ± 4% of PAO and 0.3 ± 0.1 mg/L of aerobic end P were still measured, 
respectively. Further investigation found that glycogen rather than PHA was the main aerobic storage in 
the 100% glucose fed AEI reactor. This fact revealed that glycogen could replace PHA to provide 
energy for PAO to take up P in this new P removal regime, which was different from the conventionally 
metabolic behavior observed in the A/O regime. 
    Also from Table 2, it can be found that the number of GAO in the A/O reactors increased no matter 
what ratio of glucose was added. However, the presence of glucose did not cause the increase of GAO 
abundance in the AEI regime. Thus, one might want to know why the presence of glucose did not 
stimulate the proliferation of GAO in the AEI regime. To date, the accurate reason has remained 
unknown, but there is one main difference between the two regimes in the mode of carbon source 
consumption. In the A/O regime external carbon sources are bio-degraded in the anaerobic phase, while 
they are consumed aerobically in the AEI regime. Under aerobic conditions, the tricarboxylic acid 
(TCA) cycle instead of glycogen degradation will be the predominant source for NADH2 generation.  
Although the TCA cycle also involved in the anaerobic metabolism of GAO [35], some scientists 
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suggested that GAO were less likely to use the TCA cycle to generate NADH2 than PAO [36]. 
Therefore, the possible reason might be due to the fact that GAO produced less NADH2 than its normal 
requirement in the AEI regime, thereby causing the unbalance of intracellular redox. As a result, the 
metabolism of GAO might be disturbed and further inhibited. 
When the real wastewater discharged in the highway rest area was fed to the bench-scale AEI 
reactor, the effluent concentration of P and abundances of PAO and GAO were respectively 0.7 ± 0.3 
mg/L, 34 ± 6%, and 15 ± 3%, while the corresponding data in the bench-scale A/O reactor were 4.7 ± 
0.9 mg/L, 12 ± 4%, and 39 ± 6%, respectively (Table 2). The biochemical transformations determined 
in the full-scale AEI reactor were similar to those in the bench-scale AEI reactor. However, all these 
transformation in the former were lower than those in the latter. The abundances of PAO and GAO were 
respectively 27 ± 7%, and 17 ± 5% in the full-scale AEI reactor. All above results showed that unlike 
the A/O regime, the AEI regime could tolerate the presence of any level of wastewater carbohydrate 
investigated, which revealed that the AEI regime was a promising technology for P removal from 
carbohydrate-rich wastewaters. 
Carbohydrate concentration in domestic wastewater is usually at low levels, because it can be 
anaerobically bio-converted to short-chain fatty acids in sewer systems. However, in some WWTPs 
where industrial or agricultural factories discharging carbohydrate-rich wastewaters are located nearby, 
or in some specific areas where the distance between the wastewater discharge sources and wastewater 
treatment unit is short, wastewater carbohydrate may maintain at high levels. In these cases, the design 
of WWTPs should be careful, and the choice of BPR regime may require to be rethought. Although 
there are some reports showing that successful BPR can be achieved in the A/O regime in some 
laboratory studies fed with glucose as the sole or partial carbon source [37,38], it is commonly believed 
that glucose is fermented to short-chain fatty acids or other acids prior to its uptake by PAO or GAO 
[34,37]. To date, however, the efficient strategy that can provide glucose fermentation organisms with a 
selective advantage over GAO in the A/O process has seldom been proposed, which makes the WWTPs 
with successful operation under the presence of glucose as lottery winners. As demonstrated in this 
work, the AEI regime does not have this risk. Therefore, the AEI regime has an excellent perspective in 
P removal from carbohydrate-rich wastewaters, and the full-scale process presented here provides a 
useful reference. 
It should be noted that only 60-68% of influent TN was removed in the full-scale AEI reactor, 
because no specific anoxic zones were carried out in this reactor. Thus TN removal performance would 
be improved if we inserted anoxic phases into the aerobic phase, which has been verified by our recent 
parallel researches [3]. In addition, previous studies have verified that when receiving the same level of 
nitrate, the transformations of metabolic intermediates in the AEI regime are much lower influenced 
than those in the A/O regime [17], indicating that the AEI regime could tolerate a higher level of 
negative impact caused by nitrogen removal. Despite only highway rest area domestic sewage being 
tested in this study, our previous researches have demonstrated that excellent P removal can be achieved 
in the AEI regime using either synthetic or real common sewage [3,16,17,19,39]. Accordingly, the AEI 
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regime might serve as a scientific basis for developing a new efficient solution to the 
“nitrogen-phosphorus challenge” faced by WWTPs. It should be also emphasized that the AEI regime 
generally requires a relatively long idle period to enrich PAO (e.g., 210 min). Thus, one main flaw of 
the AEI regime is that the volume of AEI-bioreactor will be larger than that of A/O-bioreactor. However, 
this drawback can be addressed by reactor reconfiguration as proposed in our recent publication [40]. 
Techno-economic Analysis of the AEI-ISF System. Similar to other WWTPs, in the wastewater 
treatment systems located in rural areas the performance of pollutant removal should be maximized, 
while the investment of construction should be minimized [41]. In addition, the cost of operation should 
be controlled at a reasonable level and the regular maintenance should be also made as simple as 
possible. Based on these principles, we finally performed the techno-economic analysis of AEI-ISF 
system and compared it with the A2/O and ISF systems, other two processes widely used in the 
treatment of highway rest area wastewater (Central China). 
From Table S4 (SI), it can be seen that although the sole AEI reactor had the lower construction 
area and cost than the AEI-ISF combined system, all the removal efficiency of pollutants in the former 
were lower than those in the latter, suggesting that the combined system can overcome the weakness of 
the AEI reactor. Compared with the A2/O and ISF systems, the AEI-ISF system showed the highest 
efficiency of contaminant removal but the lowest cost of construction per m3 of wastewater. The cost of 
operation among the three systems was in the sequence of A2/O > AEI-ISF > ISF. Due to two aerators 
operated in the AEI reactor, the cost of operation of AEI-ISF system was higher than that of ISF system. 
However, the TN and TP removal efficiencies in the latter were much lower than those in the former. 
All these results exhibited that the combined AEI-ISF system developed here was a promisingly 
attractive technology for wastewater discharged from highway rest area. The process demonstrated in 
this work provides a prototype for decentralised wastewater treatment in remote areas. Based on this 
work, we are now extending the application of AEI-ISF system to treat a real common sewage 
discharged from a town of Changde city, Hunan province, China (500 m3/d), which is one focus of our 
future researches. 
 
Conclusions 
The results obtained in this study showed that 70-99% of influent phosphate was removed in the 
AEI zone, although the sewage contained 23-37% of carbohydrate, which is usually considered to be 
detrimental for BPR. During the long-term operation, the presence of glucose (model compound of 
carbohydrate) promoted the AEI-inducing BPR efficiency, as opposed to deteriorating the conventional 
anaerobic/oxic regime-inducing BPR performance. Although the performance of AEI zone was affected 
by seasonal variation, the efficiencies of contaminant removal were stable and excellent (total 
nitrogen > 86%, others > 92%) in the integrated system. 
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Figure 1.  The flowchart of full-scale AEI-ISF system. 
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Figure 2.  Changes of total P concentration in influent and effluent (a) and changes of TP removed per 
gram of VSS and TP content of TSS (b).  Error bars represent standard deviations of triplicate 
measurements. 
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Figure 3.  Microscopy images of the sludge samples taken from the AEI reactor at the end of aerobic 
period on 20th April, 2011. a: DAPI staining, polyphosphate inclusions are found to be bright white. b: 
FISH with probes EUBmix targeting the dominant bacteria (green) and PAOmix targeting 
Accumulibacter (red), cells positive for both probes appear yellow. 
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Table 1.  Effect of seasonal variation on performances of the AEI and AEI-ISF system a 
Item Season 
Influent 
(mg/L) 
AEI reactor  AEI-ISF system 
Effluent 
(mg/L) 
Removal 
efficiency (%) 
 
Effluent 
(mg/L) 
Removal 
efficiency (%) 
COD 
Spring 405 ± 38 66 ± 19 84 ± 4  25 ± 9 94 ± 2 
Summer 245 ± 65 48 ± 13 80 ± 6  18 ± 8 92 ± 4 
Autumn 379 ± 79 60 ± 18 84 ± 3  26 ± 11 93 ± 3 
Winter 551 ± 65 95 ± 24 83 ± 3  35 ± 9 94 ± 2 
        
TSS 
Spring 254 ± 51 38 ± 12 85 ± 4  15 ± 5 94 ± 2 
Summer 188 ± 44 29 ± 9 84 ± 4  13 ± 5 93 ± 2 
Autumn 226 ± 51 33 ± 10 85 ± 3  14 ± 6 94 ± 3 
Winter 326 ± 52 50 ± 14 85 ± 3  18 ± 7 94 ± 2 
        
TP 
Spring 8.4 ± 1.2 0.7 ± 0.4 91 ± 5  0.2 ± 0.1 98 ± 1 
Summer 6.3 ± 0.7 1.0 ± 0.3 85 ± 4  0.2 ± 0.1 96 ± 1 
Autumn 8.3 ± 1.4 0.5 ± 0.2 94 ± 4  0.2 ± 0.1 97 ± 1 
Winter 9.7 ± 1.5 1.1 ± 0.4 89 ± 4  0.3 ± 0.1 97 ± 1 
        
TN 
Spring 48.2 ± 3.5 15.3 ± 2.8 68 ± 5  5.1 ± 1.3 89 ± 3 
Summer 34.2 ± 5.9 13.7 ± 2.0 60 ± 4  4.9 ± 0.9 86 ± 2 
Autumn 44.5 ± 6.2 14.6 ± 2.4 67 ± 5  5.4 ± 1.1 88 ± 2 
Winter 57.7 ± 4.6 22.4 ± 3.3 61 ± 4  8.0 ± 0.5 86 ± 1 
        
NH4
+-N 
Spring 32.9 ± 3.1 2.2 ± 0.8   1.0 ± 0.4  
Summer 23.6 ± 3.5 1.6 ± 0.7   1.2 ± 0.3  
Autumn 29.4 ± 4.9 2.3 ± 1.0   1.2 ± 0.4  
Winter 37.7 ± 4.8 4.2 ± 0.8   1.4 ± 0.5  
        
NO2
--N 
Spring  0.5 ± 0.4   0.2 ± 0.1  
Summer  0.2 ± 0.1   0.3 ± 0.1  
Autumn  0.4 ± 0.3   0.3 ± 0.1  
Winter  1.2 ± 0.5   0.4 ± 0.1  
        
NO3
--N 
Spring  10.6 ± 1.8   3.4 ± 1.1  
Summer  10.0 ± 1.5   2.9 ± 0.8  
Autumn  10.3 ± 1.8   3.4 ± 1.1  
Winter  13.7 ± 1.9   5.5 ± 0.5  
a The data are the averages and their standard deviations of eighteen measurements obtained in a 3-year 
operation.
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Table 2.  Comparison of the biochemical transformation and microbial population between the A/O and AEI phosphorus removal regimes using synthetic media 
with different acetate/glucose ratios as well as real wastewater a 
Substrate 
A/O regime  AEI regime 
Microbial 
population 
 Anaerobic phase  Aerobic phase  
Microbial 
population 
 Aerobic phase  Idle phase 
PAO 
(%) 
GAO 
(%) 
 
PHA-up/TOC 
(C-mol/C-mol) 
Gly-de/TOC 
(C-mol/C-mol) 
Anaerobic 
end P 
(mg/L) 
 
Gly-syn 
(mmol-C/g 
VSS) 
Aerobic 
end P 
(mg/L) 
 
PAO 
(%) 
GAO 
(%) 
 
PHA-up/TOC 
(C-mol/C-mol) 
Gly-syn/TOC 
(C-mol/C-mol) 
Aerobic 
end P 
(mg/L) 
 
Gly-de 
(mmol-C/g
VSS) 
PHA-up 
(mmol-C/g 
VSS) 
P release 
(mg/L) 
100% acetate  54 ± 4 13 ± 2  1.24 ± 0.11 0.51 ± 0.07 72.3 ± 3.5  1.68 ± 0.14 0.8 ± 0.1  48 ± 5 10 ± 2  0.42 ± 0.06 0.49 ± 0.08 1.0 ± 0.2  0.47 ± 0.09 0.32 ± 0.05 7.7 ± 0.4 
80% acetate+ 
20% glucose 
17 ± 3 48 ± 6  0.93 ± 0.12 0.42 ± 0.07 34.2 ± 1.8  1.06 ± 0.12 3.8 ± 0.6  54 ± 6 11 ± 3  0.28 ± 0.04 0.54 ± 0.10 0.6 ± 0.1  0.44 ± 0.07 0.28 ± 0.04 8.2 ± 0.6 
60% acetate + 
40% glucose 
8 ± 3 57 ± 8  0.78 ± 0.09 0.17 ± 0.05 18.6 ± 1.3  0.64 ± 0.11 8.3 ± 0.5  51 ± 8 10 ± 3  0.17 ± 0.05 0.57 ± 0.08 0.5 ± 0.2  0.48 ± 0.10 0.25 ± 0.06 8.0 ± 0.3 
40% acetate + 
60% glucose 
9 ± 4 55 ± 7  0.72 ± 0.07 0.13 ± 0.04 13.4 ± 0.7  0.55 ± 0.08 8.7 ± 0.4  59 ± 6 7 ± 1  0.23 ± 0.03 0.51 ± 0.09 0.2 ± 0.1  0.41 ± 0.08 0.34 ± 0.09 8.7 ± 0.7 
20% acetate + 
80% glucose 
6 ± 2 61 ± 9  0.37 ± 0.05 -0.22 ± 0.04 10.6 ± 0.5  -0.31 ± 0.07 9.4 ± 0.2  55 ± 5 5 ± 1  0.13 ± 0.03 0.63 ± 0.11 0.3 ± 0.1  0.46 ± 0.11 0.27 ± 0.07 8.5 ± 0.4 
100% glucose 4 ± 1 67 ± 8  0.21 ± 0.03 -0.53 ± 0.08 9.8 ± 0.4  -0.59 ± 0.09 9.5 ± 0.3  53 ± 4 7 ± 2  0.07 ± 0.01 0.61 ± 0.12 0.3 ± 0.1  0.43 ± 0.07 0.30 ± 0.05 8.3 ± 0.5 
Real  
wastewater b 
12 ± 4 39 ± 6  0.74 ± 0.10 0.25 ± 0.06 30.5 ± 1.1  0.82 ± 0.13 4.7 ± 0.9  34 ± 6 15 ± 3  0.29 ± 0.07 0.38 ± 0.11 0.7 ± 0.3  0.23 ± 0.04 0.11 ± 0.02 7.5 ± 0.6 
Real  
wastewater c 
- -  - - -  - -  27 ± 7 17 ± 5  0.21 ± 0.05 0.29 ± 0.10 0.4 ± 0.1  0.16 ± 0.03 0.10 ± 0.02 5.3 ± 0.3 
a Data reported are the averages and their standard deviations of triplicate measurements during stable operation.  
b Results are obtained in the bench-scale reactors. Wastewater is collected from collecting tank of this AEI-ISF system. 
c Results are obtained in the full-scale AEI reactor.  
